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Aldehyde dehydrogenase in tobacco pollen 
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Introduction 

i e ^cr™. Aldehydes cause their effects by react 
- rt .<*M* carbohvdiates s vitamins and Lipias; auu 

sion number Y09876. 



thought to be major determinants of susceptibility to 
eSS-related diseases. Classes 1 and 3 contain bo* 

XeafJs Consists of constitotiv, xn.tochondnal 

*J>* have been 
we betaine^ldehyde dehydrogenases C^JC 
12 1 81 cloned from spinach, sugar beet and barley 
218), « by ^ 0 « datloJ1 of 

'aldehyde by BADH, » 
wsalt stress or water deficit Betaine acts as anontox- 
S or Protective cytoplasmic osmolyte yflhj-i «J 
rnri metabolic function to continue [32]. The fourth 
pliTe aSh is encoded by HP. a 
ereene of Texas cytoplasmic roalc sterility (cms-T) in 
SST6-.T is aUcmally inheritedtroit that causes 

Zetal layer of anthers. The sterility effect of cms-T is 
StXthemitochondrialgener-u^^^codmg 

^f 3 a polypeptide of 13 kDa that resides in the 

^^chondrial membrane. The 

ion of the tapctom is paradoxical because UM13 
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olie fermentation n leaves » . j 

to oxygen Umitatiofl, and acetaioenyac ™ 
accumulate when respiration is mmbrted. We 



n r™nu S rv showed that both genes arc expressed at 
in^flTan half of the carbon consumed is fermented, 

of PDC ana : k converted mto 

acetyl-CoAoy could bg uscd by 

tiic giy^y j ' _ investigate the validity of 

is not induced under anoxic conditions, but that 
■!t , MAW exoressed in pollen and pistil. A possible 
SSfiftSw in poV metabolic pathways ,s 
discussed- 
Material and methods 



Plant growth conditions 

in the greennv , Uen were 

vacuum cleaner. Pollen was S CI11 " ^ 
iutp<! KOHtiH 5.9, 03 M sucrose, 3.0 mM L*lNU3;i. 
hS>, 1.0 «M KNOa, 0.8 mM MgS0 4 , 

w «f TOH 1261 «»» added to a final concentration of 
W J S?SSS£ni (dissolved in DMSO), an W 
or ALDH[13], was added to a final concentration of 

30 Stj, were sterilised by washing for 2 min in 70% 
ethanol ISminin 1.3% sodium hypochlente followed 
£S£ wute of sterile water. The 
SnSd on MS medium (0.4%, Serva) jflM, «*J 
5L, 1% sucrose and 0.7% bactoagar (Difco). AEP 

Sons were performed as described in Bucher ex 
cl. [21. 
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Library screening and cDHA sequencing 

Two cDNA libraries from pollen and leaf poly(A)+ 
tttfA Til were used to screen fit low stringency (5X 
S£ « >C) for an Aldh. A *d of 3 x 10* 
from e*ch library were screened. The insert of EST 
S£e 51D7T7 from Arabidopsis Biological Jfesource 
Center at Ohio State [20] was used as a probe. One 
positive clone from the pollen library was tan- 
ned and sequenced by the didcoxy cbain teraxmation 
Shod. Figments derived from Bam exonuclease 
treatment of the positive clone were subcloned and 
internal primers were used for sequencing. Analys- 
is of the DNA sequence and P^^F^^ 
sequence were performed using the GOO Seqwo* 
Analysis Software Package, version 8.0. ine )» ■ 
RACE Kit from Boehrmgcr Mannheim was used to 
folate the 5' end of the transcript, using toe >«*■ 
Sprimers: 5^AGGCCATGGTCCTTCGTC ; 3 ' 
5J 5'-GTTCCACATTGACAGCTGG-3 (235-217) 
tod 5'-GCTTATCCACAATGATC-3' (145-129). 

Southern blot analysis 

Hieh-molecular-wcight total genomic DNA was isol- 
ated from young leaves of N. 
bv P81. The DNA (10 ^g) ™** Rested with EcoBl, 
Hinm aXbal, electrophorezedin 0.7% agarose gels 
2d transferred to Nytran-N (Schleicher & Schuell) 
Blottingandhybridizanonprocedureswerec^edout 

under standard conditions [25]. Blots were hybridized 
at 65 °C wim randomly labelled probes made from 
TobAldh2A and the final wash was in 0.1 x SSC, O. l /. 
SDS at 65 °C. 

Northern blot analysis 

RNA was extracted from pollen and various ^tis- 
sues from N. tabacum essentially as described by 
Schrauwen et al. [27], Total RNA was q^°fj^ 
spectrophotometry at 260 nm and visually by the 
fining of blots in 0.02% methylene blue m 0.3 M 
S c4ium acetate, pH 5.5. Excess dye ^^^/^ 
with water. A 10 pg portion of total RNA of each 
sample was loaded onto a 1.0% ^"j^^ 
afte ■glyoxylation.Northem blotting and hyfendoauon 

r251 Blots were hybridized at 65 °C with randomly 
Sm£ probes from TobAldh2A, TobAdhI and ^ 
4A10 and the final wash was m 0.1 x SSC, 0.1% SDS 
at65°C. 



Antibody generation and western blotting 

A 1 1 92 bp fragment of TobALDH2A (880-207 l),con- 
tt mmg&ecor^edre S ion S fromAT^Hs,w^cloned 

into the mi-BamBl sites from pET-14B (Novagen) 
introducing a His-Tag sequence at the N-terrmnus of 
the o*. 36 kDa fragment. The translational fusion was 
introduced into the pLysS strain of Escherichia coh. 
The recombinant protein was purified from the inclu- 
sion bodies and purified on a His-Tag binding column 
accoid^gtothepETSyrtemManualCNoyagen) using 
solutions containing 6 M urea. The purified proteins 
were separated through a 12.5% SDS-PAGE gel and 
electroeluted. The antibodies were generated m rabbit 
as described before [2]. 

Total soluble proteins were isolated by grinding in 
liquid nitrogen and extracting in 100 mfc^ Tns-Cl pH 
8 0, 1 mM EDTA, 10% glycerol, 0.1% Tnton X-iOO, 
0 1% 2-mercaptoethanol, 0.2% PVP and 1% PVPP. 
A 30 ii% portion of total protein was separated on a 
10% SDS-PAGE gel and transferred to nitrocellulose 
(Schleicher & Schuell). A 1:1000 dilution of rabbit 
anti-TobALDH or rabbit auti-eIF4 A antibody [21 ] and 
horseradish peroxidase conjugates were used to detect 
ALDH and elF-4A proteins. 

Expression o/TobALDH2A in E- coli and 
measurement ofia vitro enzymatic activity 

A primer(S'-CTTCTAGACATATGTCAAGAGGTTTG 
ATCATTGTGG-3', 104-139) was used K> introduce a 
Ndel site in the 5' region of the TobAldhlA cDNA 
by PCR- This introduces an ATG start site at nt 1 13 
and changes Lys-21 (the last amino acid of the putat- 
ive mitochondrial targeting sequence) into a methion- 
ine The obtained fragment was cloned into the Ndel- 
Bamm sites from pET-3A (Novagen). The transla- 
tional fusion was introduced into the pLysS strain of 
E coli. An overnight culture was diluted 10 tiroes and 
induced with 0 4 mM IPTG. The bacteria were grown 
for three hours at 30 °C and harvested by centnfu- 
gation (5 min, 5000 X g). After washing in 100 mM 
HEPES-NaOH pH 7.4, the bacteria were sonicated L ra 
100 mM HEPES-NaOH pH 7.4, 1 mM EDTA, 10/, 
Blycerol and 0.1% Triton X-100, centrifuged (5 mm, 
15 000 x g) and the clarified supernatant was used 
for activity tests. As a negative control, a translation- 
al fusion of eIF-4A2 in pET-3A was used. Aldehyde 
dehydrogenase activity was Artermined spectropboto. 
metrically at 340 nm by the conversion of NAD into 
NADH in a buffer containing 100 mM sodium pyro- 
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phosphate pH 9.5, 1-3 fflM NAD, 100 }M substrate 
and 100 total protein extracts [7, 35]. 

Reverse transcriptas&-PCR 

The reverse transcriptase and subsequent PCR reac- 
tions were performed as described by Reining et at. 
[SJ.TheprimersPl (5'-GCTCTAGACTCGTGTGTTT 
ACCTCTCGTC-3') spanning 62-82 (plus an addi- 
tional 5' Xbal restriction site) and P4 (5'- 
CGGATCCG ACGTAC AACC ATTGGTAC-3 ') span- 
ning 566-541 (creating a BamBl site by introdu- 
cing 3 mismatches at the 3' end) were used to 
amplify and subclone regions in the 5' ends of 
TobALDH2A and 2B, and subsequently sequenced. 
To show the presence of both transcripts in a total 
RNA extraction, a combination of primers PI with 
P2 and PI with P3 was used (see Figure 3A). P2 5'- 
GCTTATCCACAATG ATC-3 ' is TobALDH2A specific 
(145-129) and P3 5'-GTTCCACATTGACAGCTGG- 
3' primes on both TobALDHU and 2B (235-217 on 
TobALDH2A). 



Results 

Isolation of a oDNA encoding an ALDH 

Two cDNA libraries derivedfrompoly(A) + RNA from 
mature pollen grains and leaves oZNicotiana tabacum 
were screened at low stringency with an Arabidopsis 
EST clone encoding a putative ALDH- No positive 
clones were found in the leaf library. From the pollen 
library, the clone with the strongest signal was far- 
ther analyzed. This clone, termed TobALDH2A, was 
2010 bp in length but at the 5' end of the cDNA 
no in frame ATG was found and there was an open 
reading frame from the third nucleotide on. Using 
the 5' -RACE technique with three nested primers, 
we isolated an additional 61 bases with an in frame 
ATG at position 54. The predicted molecular mass 
of the encoded protein is 59.3 kDa and the protein 
contains a putative mitochondrial targeting sequence 
(amino acids 1-21) [9]. In agreement with the classi- 
fication of ALDHs in which mitochondrial ALDHs arc 
called class 2, we designated our clone TbbALDH2A. 
The deduced amino acid sequence shows high identity 
throughout the sequence with ALDHs from different 
organisms. All the conserved amino acids characterist- 
ic for ALDHs arepresentinTobALDH 2A (Figure 2A): 
the catalytic site Val-Thr-Leu-Glu-Lcu-Gly-Gly-Lys 
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Figure 2. Comparison of tha amino acid sequences of ALDHs 
from different sources. The deduced amino acid sequence of the 
TobAldhlA was aligned with corresponding ALDH sequences from 
maize emS-T restorer gene R/2 [5 J, chicken [10], human mitochon- 
drial [11], Aspergillus [22] and spinach betwnc-aldcbyd© debydro- 
genase [32]. A, Amino acid alignment showing Utt mam conserved 
re giCH3 (grey background) of ALDHS. B. Amino arid identities (in 
%) between the different ALDH. 



(amino acid position 306-313 in TobALDH2A) in 
which the glutamate is the most important amino add 
[31], the Cys at position 343 as the active site [7] 
and the histidine residue at position 276 necessary for 
the correct folding of the native ALDH [35]. Ser-115 
[24] and Glu-528 [6], both with a proposed function in 
NAD + binding, are not conserved in the ALDHs from 
tobacco, maize and Aspergillus. Tob ALDH 2 A has the 
highest identity (77%) with maize Rf2 (Figure 2B). 

Analysis of the number o/Tbb Aldh genes 

RT-PCR reactions were performed using total RNA 
from pollen. The resulting cDNA fragments were 
cloned and sequenced. Out of 12 different reactions, 
two distinct cDNA fragments were isolated: the first 
matched the isolated TobAldh2A and a second one rep- 
resented a new putative rnitochondrial targeted gene 
which wc designated TbbAldhlB (Figure 3A). Within 
the 237 bp sequenced, 7bbAldh2A and 2B differed in 
29 nucleotides, including a gap of 18 nucleotides in 
TobAldh2B. 

Tb determine whether both transcripts are present 
in various organs of the plant, RT-PCR was performed 
using two sets of primers. One set of primers (primer 1 
and primer 2) specifically amplified TobAldh2A (Fig- 
ure 3B) and a second set of primers (primer 1 and 
primer 3) amplified both TobAUfhU and TobAldhlB 
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(Figure 3C). As can be seen from Figure 3B and 3Q 
bands with the predicted sizes could be detected in 
all organs tested. We must point out that, because of 
the exponential nature of PGR, these results have to 
be interpreted qualitatively and are not indicators ot 
the relative expression levels in the various organs (see 
below). Southern blot analysis of genomic DMA was 
performed at high stringency to determine the num- 
ber of genes coding for Aldh (Figure 4). EcdSl cuts at 
the 3' end, HinflK cuts in the middle and^fll does 
not cut 7bbAldh2A cDNA. Analysis of the Southern 
blot reveals the presence of two to three Aldh genes, 
which is consistent with the presence of two different 
transcripts in tobacco* 

Aldh gene expression is not coordinated with Adh 
expression 

The previous experiments (Figure 3) demonstrated 
that tobacco contains at leasi two expressed Aldh 



genes, which is to be expected in alloploid tobacco. 
However, to determine quantitatively the level of 
Aldh gene expression northern blot analysis was per- 
formed. Northern blots were prepared with equal 
amounts of total RNA isolated from different tobacco 
organs and hybridized with a randomly labelled probe 
from 7bbAldh2A. Because the homology between 
TobAldh2A and TobAldhlB is very high we expect this 
probe to hybridize with both transcripts. In addition, an 
Adh cDNA probe was used as a control for the presence 
of transcripts encoding enzymes involved in ethanolic 
fermentation [3], and a housekeeping gene encoding 
the eucaxoytic translation initiation factor 4 Al 0 (NelF- 
4A10) as a constitutive control. The Aldh genes arc 
highly expressed in 5 temen, pistil and pollen (Figure 5). 
The signal in the stamens can probably be assigned to 
the presence of pollen m this organ. Aldh is expressed 
at a lower level in stem tissue- Comparison of Aldh 
zzdAdh shows a similar pattern of expression for both 
genes, except for the high expression of Aldh in pistil 
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tissue. The quantitative differences of the expression 
ofNeHMAl 0 in various tissues art not due to unequal 
loading, but an likely to reflect the relative transcnp- 
tional activity of this class of housekeeping genes (for 
discussion see [1 8 and 21]). 

In leaves grown both under normal atmospher- 
ic conditions and in an anaerobic environment, 
TobAldh2A was expressed at a very low level, but 
niRNA levels were high in pollen (Figure 6), m con- 
trast with Adh which is also highly expressed in pollen, 
but whose expression is drastically increased m leaves 
during anaerobic incubation. Thus, TobAldhUn not 
coordinatelyexpresscdWith*eothergenesinvoWedm 

cthanolic fermentation. TcbAldhU is highly expressed 
in pollen, as mPdc mAAdh, but, unlike PA and 
TobAUthU transcript levels are high in pistil, and not 
increased during anaerobiosis in leaf tissue. 



1.7kb 



1.6kb 



t • 



ADH 



elF-4A 



figure 6. TobAldkU is highly expressed in mature pollen and is 
not induced under anoxia in lsaves. Ten micrograms of total RNA 
from leaves incubated under normoxie or uwxte conditions and firm 
pollen vm separated on 1% (w/v) glyoxal gob. Theblotwas probed 
So cornplete cDNA insert from V,bAldh2A, TobAdh et MlF- 
*,;<>. The m^te** sixes of the hybridizing bands are shown tn 
kb lo the left 
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.Inofyjw o/TobALDH jwofeiw 

Mature pollen are rich in proteins, lipids and messen- 
ger RNAs which are stored to be used durtng pollen 
germination and pollen tube growth [14]. lnparticular, 
rnRNAs of the late group may not be used immedi- 
ately but be stored and translated only upon hydra- 
tion 'and pollen germination. In order to investigate the 
TobALDH protein level, we raised a polyclonal anti- 
body in rabbit against a fusion protein of TobALDH2A 
overexpressed in E. eoU (see Material and methods). 
The antiserum was tested and showed a ^strong cross- 
reaction with the original antigen (the TobALDH2A 
fusion protrin). A weaker cross-reaction was seen with 
commercial ALDH from yeast (Boehringer) and no 
signal was seen with BSA (data not shown). 

This antibody was used to detect ALDH protein in 
the different organs from tobacco via Western blotting. 
The TobALDH antibody reacted with two proteins in 
the range of 56 to 57 kDa in stem, stamen, pistil and 
pollen samples (Figure 7). A weaker signal was seen 
with root and petal tissue. These results largely con- 
firm the data on mRNA transcript levels obtained by 
northern blot analysis. An antibody against translation 
initiation factor elF-4A [21] was used as a control. 



In vitro enzymatic activity o/TobALDH2A 

It was not possible to follow the enzymatic actrv- 
ity of ALDH in pollen extracts by measuring the 
change in absorbanc* at 340 nm via the formation 
of "MADH with acetaldehyde or propionaldchyde as 
a substrate, since the presence of other NAD-lmked 
dehydrogenases interfered with the determination of 
ALDH activity. Therefore, we overexpressed the 
mature TobALDH2 A in E. Coli. Total protein extracts . 
were used in an w vitro assay using several sub- 
strates. TobALDH2 A has an activity for acetaldehyde 
of 74.5 ± 13-4 nmol/min per mg total protein extract 
(Figure 8). The enzyme was also highly efficient with 
propionaldenyde as a substrate, but had hardly any 
activity for Dl^gryceraldehyde or betaine-aldehyde 
(65 9 ± 12 7 4.8 ± 4.5 and 3.2 ± 3.0 nmol/mm per 
mg total protein extract, respectively). The addition of 
30 uM disulfiram, a potent inhibitor of ALDHs |.13], 
blocked the aldehyde dehydrogenase activity almost 
completely. Protein extracts fromB. coli overexpress- 
ing eIF-4A showed hardly any activity with all the 
substrates tested (1.6 ±2.3 nmol/min per mg totalpro- 
tein extracts using acetaldehyde as substrate). These 
results show that TobALDH2A is able to use acetal- 
dehyde as a substrate, and has characteristics similar 
to the well-studied human liver acetaldehyde dehydro- 
genases. 

Inhibitor treatment of PDH and ALDH 

The hypothesis we would like to test is that ALDH is 
part of an indirect metabolic pathway for the synthes- 
is of acetyl-CoA, bypassing the direct route via PDH 
(see Figure 1). In order to test the relative import- 
ance of the direct and indirect pathways wc used 
inhibitors of ALDH and PDH. The first compound, 
(R).aininoethylphosphinate (AEP) (kindly providedhy 
Prof. N. Amrhein), is metabolized to acetylpbosphm- 
ate which acts as a highly specific inhibitor of PDH 
[261 Addition of 30 j»M AEP to germinating seeds 
resulted in the death of the seedlings (Figure 9). On the 
other hand, addition of up to 90 fM AEP to germinat- 
ing pollen had no effect on the germination frequency 
or on the growth of the pollen tube. 

The second compound we used was disulfiram, an 
mbmitor of ALDH [13]. Seedlings grown on 30 fM 
disulfiram formed fewer roots and showed a somewhat 
retarded growth (compared to wild-type), but were per- 
fectly viable. These relatively mild effects of disulfiram 
on seedlings can be explained by the possible func- 



PAGE 46151 * RCVD AT 212)2005 6:01 :27 PM [Eastern Standard Time] * SVR:USPT0-EFXRMJ3 ' DNIS:8729306 ' CSD: * DURATION (mm-ss):1 W6 



FEB. 2.2005 6^ 1 8PM PABST PATENT GROUP NO. 3006 P. 47 



362 



-TobALDH 
-TobALDH + diwlfiram _ 
-CIF4A 




2 3 4 

Tim* (In minute*) 
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30 uM diiulflraoi blocks the aldehyde dchydrograascachvity. £ co" 
ovffcxpressing cIF-4A2 was wed as a negative controL Values arc 
means ± SD of at least darcc separate preparations. 



tion uf ALDH in general detoxification of aldehydes. 
However, when 30 (M disulfiram was added to pol- 
len it prevented pollen from growing- Thus, whereas 
inhibition of PDH had a drastic effect on seedlings, 
but not on pollen tube germination and growth, inhibi- 
tion of ALDH primarily affected pollen- These exper- 
iments clearly indicate that major differences in meta- 
bolism between seedlings and pollen exist, and that 
ALDH is likely to have an important function m pol- 
len We realize that inhibitor experiments should be 
interpreted with caution and in particular disulfiram 
may not be entirely specific for ALDHs. However, the 
drastic differences in the effects of the inhibitors on 
leaves and pollen encourage us tt> initiate more definit- 
ive experiments involving specific antisense inhibition 
of TobALDH. 



Discussion 

The protein encoded by TobAldh2A is most related to 
mammalian ALDHs (60%) involved in etbanol detoxi- 
fication [ 1 6], and to maize Rfl (77%), a putative ALDH 
involved in restoration of male fertility (5]. Similarity 



with plant betaine aldehyde dehydrogenases is consid- 
erably lower (42%). In vitro enzymatic activity meas- 
urements with recombinant TobALDH2A show that 
the enzyme has a high activity for acetaldehyde (Fig- 
ure 8). Thus, the data suggest that TobALDH2A is 
a mitochondrial acetaldehyde dehydrogenase. Ethan- 
ol metabolism by leaves has been reported for several 
plants, suggesting mat an ADH/ALDH/ACS pathway 
operates m this organ [17]. However, in tobacco leaves 
the capacity of such a pathway was very limited [2]. 
The low expression QiTobAldh2A in leaves (Figure 5), 
its failure to be induced by anoxia (Figure 6) and the 
inability of leaves to survive when PDH activity was 
inhibited (Figure 9), similarly indicate that this path- 
way is not important for normal metabolism in leaves. 
The primary function of ALDH in leaves could be the 
detoxification of occasional aldehydes. 

The situation in pollen is very different. In the male 
garoetophyte, TobAtdhlA is highly expressed, and 
inhibition of ALDH prevents pollen growth, whereas 
pollen germinate and grow in the presence of the PDH 
inhibitor AEP (Figure 9). These results indicate that the 
PDH bypass is functional and important in pollen. Pre- 
limmaiy results indicate ti&\Acs is highly expressed in 
pollen (R.G.L. op den Camp, M. Baueriem, B. Muller- 
Rober, C Ruhlemeier, unpublished results), and thus, 
all the enzymes of the bypass are present. The acetyl- 
CoA generated could be used for energy production 
by the TCA cycle (see Figure 1). For a more com- 
plete discussion of the other possible patoways see the 
accompanying paper [29]. Pollen produce acetalde- 
hyde and ethanol, even under aerobic conditions [3] 
and the expression of ALDH could protect the pol- 
len against the hazardous effects of acetaldehyde. The 
high levels of ALDH in pistils (Figures 5 and 7) might 
be needed to metabolize acetaldehyde and/or ethanol 
diffusing from the growing pollen tube into the pistil. 
The protein most related to Tob ALDH2A is the protein 
encoded by the recently isolated maize RJ2 gene [5]. 
Rf2 has been well characterized genetically as a nuclear 
gene which restores fertility of plants containing cms-T 
cytoplasm. If the hypothesis that Rfi restores fertility 
by detoxifying acetaldehyde is correct, it should be 
possible to induce male sterility by antisense expres- 
sion of Aldh inURF13 transformed tobacco [4]. 

The scenario outlined above suggests a function 
for ALDH in detoxification of acetaldehyde, coupled 
with energy production through the use of acetyl-CoA 
in the TCA cycle. However, in analogy to recently 
developed yeast models, a biosynthetic function may 
also be considered. In yeast, acetyl-CoA formed 
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through PDC/ALDH/ACS is thought to be convertedto 
malate in the gly oxylaie cycle. Malate fed into the TCA 
cycle is used fox biosynthctic purposes, and only when 
the flux of acetaldehyde to acetate through ALDH .and 
ACS is saturated, ethanol formation commences [231- 
A similar pathway might operate in pollen and the con- 
version of acetaldebydc to alcohol by ADHoouldbea 
safety valve protecting the pollen against excess acet- 



aldehyde. This could explain why pollen which lack 
ADH activity (ADH null mutants) [33] have no disad- 
vantage to the wild type pollen when growing through 
the pistil. It has been shown that the transcripts encod- 
ing the enzymes specific for the gryoxylate cycle (iso- 
citrate lyase and malate synthase) are present in pollen 
from Brassica napus [34], and thus it is conceivable 
that a glyoxylate cycle exists in tobacco pollen. 
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